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This is the first report on the beneficial effect of microalgal and cyanobacterial biomass on anther cultures of maize (Zea mays L.).
Investigations were made on the cytokinin- and auxin-like activity and content of terrestrial and fresh-water living microalgal and cyanobacterial
strains. The influence of media supplemented with biomass from four selected strains on the anther induction, the frequency of microspore-derived
embryo-like structures, and regeneration capacity in anther cultures of maize was also studied. The addition of cyanobacterial and microalgal
biomass to the induction and regeneration media in concentrations of 1 or 2 g/L improved the androgenic response, and was able to reduce the
quantity of the synthetic auxin 2,4-dichlorophenoxy-acetic acid (2,4-D) required, or replace it completely.
© 2010 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: 2,4-D; Anther culture; Cyanobacteria; Maize; Microalgae1. Introduction
Isolated anther culture has become an important tool for the
production of varieties produced by doubled haploidy in many
important crops since the first report describing embryogenesis
from the pollen ofDatura innoxia (Guha andMaheshwari, 1964).
Currently the frequency of responding anthers is 50–90%; the
regeneration frequency is 20–30% in highly androgenic F1
hybrids of exotic Chinese doubled haploid maize lines with
increased responsiveness to anther culture (Barnabás, 2003).
The anther culture response is influenced by the following
factors: genotype, environmental factors affecting the physio-
logical stage of anther donor plants, stage of microspore
development, and physical and chemical conditions for anther
induction and plant regeneration. Maize genotypes differ with
respect to their amenability to anther culture. Obviously genetic
factors are important in determining the level of anther and⁎ Corresponding author. Tel.: +36 22 569527; fax: +36 22 569576.
E-mail address: barnabasb@mail.mgki.hu (B. Barnabás).
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doi:10.1016/j.sajb.2010.03.009microspore culture response (Jähne and Lörz, 1995). The effects
of donor plant physiology and vigour on the frequency of anther
culture response have been explored (Wassom et al., 2001).
Differences in response between field and greenhouse-grown
plants and between plants sown at various times during the year
indicate that donor plant physiology is a critical factor in anther
and microspore culture (Petolino and Genovesi, 1994).
Various media compositions have been explored to deter-
mine the optimum conditions for maize anther culture.
However, there has been no consensus on a requirement for
hormones, the synthetic auxin 2,4-dichlorophenoxy-acetic acid
(2,4-D) and the antiauxin 2,3,5-triiodobenzoic acid (2,3,5-
TIBA) are both widely used in anther culture induction media of
maize due to their reliably positive effect on the proliferation of
microspores with androgenic fate. The synthetic auxin 2,4-D
causes a rapid dose-dependent decrease in the number of
dividing cells, cell membrane damage, cytoplasm and nucleo-
plasm vacuolisation, as well as chromatin abnormalities and
chromosome aberrations (Ateeq et al., 2001). There are some
contradictory results on the hormone requirement. High auxin
concentrations were reported to increase the anther culture
response in maize, and decrease the number of embryo-likets reserved.
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that endogenous growth regulator levels are sufficient for
embryo structure development in maize and exogenous supply
is not necessary (Rashid, 1988). The data indicate that the
hormone requirement may also be genotype-dependent
(Rakoczy-Trojanowska et al., 1997) and the donor plant growth
conditions (Ferrie et al., 1995) may influence these require-
ments. A higher endogenous indole-3-acetic acid (IAA) level
has been shown to be associated with increased embryogenic
response in maize (Jiménez and Bangerth, 2001). Differences in
the embryogenic competence of genotypes may be caused by
the differential response of the cells to exogenous plant growth
regulators, mainly to 2,4-D (Dolgykh, 1994). One of the major
differences between the more and less competent lines in maize
is the distribution of IAA within the embryos after culturing
them on medium containing 2,4-D (Bronsema et al., 1998). The
polar transport of auxin is essential for the establishment of
bilateral symmetry during embryogenesis in dicotyledonous
and monocotyledonous species (Fisher and Neuhaus, 1996). As
2,4-D and 2,3,5-TIBA cause a disturbance of the internal
gradient of endogenous auxin, embryogenesis might be
triggered by the exclusion of the 2,4-D and 2,3,5-TIBA from
the culture medium of embryogenic cultures, which allows the
establishment of the polar auxin gradient (Jiménez, 2005).
Natural extracts from higher plants are widely used as
additives in cereal anther cultures mainly for their hormone-like
effect, but no microalgal or cyanobacterial biomass has
previously been used in anther cultures of maize.
Plant growth regulators (PGRs) occur in a wide range of
organisms. The production of phytohormones is also wide-
spread among soil- and plant-associated prokaryotes. PGRs
from all five groups of growth substances have been identified
in numerous macroalgae, and there is no evidence to suggest
why unicellular species should not both synthesize and use
growth substances during their limited development (Evans and
Trewavas, 1991). Some free-living and, in particular, symbiotic
cyanobacteria are able to accumulate and release the phytohor-
mone IAA (Sergeeva et al., 2002). Stirk et al. (2002) detected
both cytokinin- and auxin-like activities of terrestrial and fresh
water cyanobacteria and microalgae. The cytokinin content of
nine microalgal strains from the genera Protococcus, Chlorella
and Scenedesmus have been confirmed by Ördög et al. (2004).
The aim of the present study was to examine the potential of
adding cyanobacterial and microalgal biomass to the induction
media of maize anther cultures to enhance the efficiency of
anther response and the frequency of microspore-derived
embryo-like structures.
2. Materials and methods
2.1. Cultivation of microalgal and cyanobacterial strains
Batch cultures of 252 microalgal and cyanobacterial strains
from the Mosonmagyaróvár Algal Culture Collection (MACC)
selected previously as having a biomass production of N1.5 g/L
during culture, were grown in an apparatus for laboratory algal
bioassay described byÖrdög (1981). The cultures were incubatedat 25±2 °C, in a 12:12 h light-and-dark cycle, illuminated from
below with a photon flux density of 130 µmol m−2 s−1. The
cultures were aerated with 25 L compressed air per h (enriched
during the light period with 1.5% CO2) and mixed twice a day.
The algal biomass was harvested in the early stationary phase of
growth by centrifugation for 15 min at 2534 g (Sigma 6K15,
Osterode am Harz, Germany) at the same time of a day (at 2 pm).
The supernatant-free biomasses were freeze-dried for 22 h at
0.035 mbar (ChristGamma I-20, Osterode am Harz, Germany)
and stored at −20 °C. The freeze-dried samples were re-
suspended in distilled water (10 g/L), ultra-sonicated (VirSonic
600, VirTis Company, Gardiner, NY, USA) for 2 min and diluted
to 2 g/L dry matter concentration.
2.2. Bioassays
Excised cucumber cotyledon expansion bioassay and excised
cucumber cotyledon root formation bioassay (Zhao et al., 1992)
were used to determine the cytokinin- and auxin-like activity of
MACC strains, respectively. Cotyledons were excised from 5-
day-old seedlings. Ten cotyledons were placed under green light
in a 6-cm Petri dish on the surface of a filter paper disc. The
cotyledons were treated with 3 ml of microalgal or cyanobacterial
suspensions (2 g/L). Distilled water was used as the control. The
cotyledons were incubated in the dark (25±2 °C) for 3 and 5 days
before the determination of the cytokinin and auxin-like activity,
respectively. For determination of the cytokinin-like activity the
fresh weight of 10 cotyledons was recorded and compared to the
activity of a 6-furfuryl-amino purine (kinetin, KIN) standard
series (0.1, 0.3, 0.5, 1, 3, 5 and 10 mg/L). For the auxin-like
activity the number of roots, developed on the cotyledons was
counted and compared to various indole-3-butyric acid (IBA)
standard series (0.1, 0.3, 0.5, 1, 3, 5 and 10 mg/L). The bioassays
were repeated independently three times with four replications in
each treatment. The data were statistically analysed using an
analysis of variance (ANOVA) (SPSS for Windows, 10.0).
2.3. Quantitative determination of plant hormones
The cytokinin and IAA content of the microalgal strains
MACC 553 (Klebsormidium sp.) and MACC 583 (Neochloris
sp.), and the cyanobacterial strains MACC 642 (Leptolyng-
bya sp.) and MACC 643 (Anabaena sp.), showing the highest
hormone-like activity in bioassays, was determined by the
HPLC-MS and GC-MS analytical method, respectively. The
freeze-dried samples (100 mg) were extracted by 2 ml
methanol/water (80/20, v/v) containing 100 mg/L butylhy-
droxytoluene as antioxidant at 4 °C for 5 min using an IKA
Ultra-Turrax T25 homogeniser (13,500 rpm). After centrifu-
gation (8800 g, 15 min) and evaporation of the supernatant
(100 µL) the samples were derivatized with 100 µL of
silylating reagent mixture (N,O-Bis(trimethylsilyl)acet-
amide/1-(Trimethylsilyl)imidazole/Trimethylchlorosilane, 3/
3/2, v/v) at 65 °C for 30 min. IAA was determined as IAA-di-
trimethylsilyl derivative (di-TMS) by combined gas chroma-
tography–mass spectrometry (GC–MS), using HP 5890
Series II GC Plus gas chromatograph and HP 5989B mass
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and quadrupole mass filter (100 °C). The compounds were
separated on a RH-5ms+, 30 m×0.25 mm×0.25 µm capillary
column (Chromatix Separation Sciences) using helium as the
carrier gas (103 kPa at 180 °C, constant helium flow) and
oven temperature program (180–290 °C, 10 °C/min heating
rate). Selected ion monitoring was applied to detect the
molecular and fragment ions (m/z 319, 202) of IAA-di-TMS.
The cytokinin content of the above mentioned methanolic
extracts were analysed by combined high-performance liquid
chromatography-mass spectrometry (HPLC-MS) using Agilent
1100 LC/MSD Trap SL system equipped with electro spray ion
source according to Bartók et al. (1996). A binary gradient of
water/acetic acid (99.9/0.1, v/v) and acetonitrile/acetic acid
(99.9/0.1, v/v) at a solvent flow of 0.5 ml/min and a RP-HPLC
column (Zorbax SB C8, 250×3 mm×5 µm) were applied for
the separation of the cytokinins. The ion trap mass filter of the
mass spectrometer was operated in full scan MS mode.
Quantitative evaluation of GC-MS and HPLC-MS analyses
were performed by using 6 point and 8 point external standard
calibrations, respectively.2.4. Plant material
The anther donor genotypes H1 (DH 240×DH 314) a highly
androgenic F1 hybrid of exotic Chinese doubled haploid lines
with increased responsiveness to anther culture, and H2 (DH
105×HMv 5405), the single-cross hybrid of a responsive
doubled haploid and a non-responsive elite inbred lines, were
produced in the Agricultural Research Institute, Martonvásár,
Hungary. Anthers from phytotron and field-grown donor plants
were used in the experiments. In the phytotron chambers
(Conviron, Winnipeg, Canada) the anther donor plants were
raised using the climatic program ny2 developed for the
phytotronic cultivation of maize (Tischner et al., 1997).Table 1
Cytokinin-like activity, kinetin equivalent and the total cytokinin content of
MACC strains used in anther cultures of maize.
Genus/species (MACC) Cotyledon
weight (% of
control)
Kinetin
equivalent
(mg/L)
Total cytokinin
content (mg/2 g)
Anabaena
(MACC 643)
128 * 0.6 0.098
Klebsormidium flaccidum
(MACC 553)
118 * 0.3 0.027
Leptolyngbya
(MACC 642)
124 * 0.5 0.001
Neochloris (MACC 583) 102 ns 0 0.055
*Significant at the Pb0.05 level of probability compared to the expansion of
excised cucumber cotyledons induced by distilled water used as the control;
(ns): not significant.2.5. Anther culture
Maize tassels were subjected to cold pre-treatment at 7 °C for
ten days. After the cold shock the tassels were surface sterilized
with 2% (v/v) sodium hypochlorite for 20 min and washed four
times with sterile distilled water. Anthers at the late uninucleate
or early binucleate stage of microspore development were
dissected under sterile conditions and inoculated onto a
modified YP (Dieu and Beckert, 1986) induction medium
supplemented with 5 g/L charcoal (Riedel de Haën, Germany),
500 mg/L tryptone (Difco Laboratories, U.S.A.), 120 g/L
sucrose and 2 g/L gelrite at pH 5.8. In one treatment, 1 g/L
dried biomass from the microalgal strains MACC 553
(Klebsormidium flaccidum) and MACC 583 (Neochloris sp.)
and the cyanobacterial strains MACC 642 (Leptolyngbya sp.)
and MACC 643 (Anabaena sp.) was added to the induction
medium as a plant growth substance, combined with 1 mg/L
2,4-D. In the second treatment 2 g/L dried algal biomass was
added without 2,4-D. The modified YP medium, supplemented
by 2 mg/L 2,4-D, was used as the control.Isolated anthers were incubated in the dark at 29 °C for
4 weeks in order to induce androgenesis. In each treatment, 150
anthers were plated per Petri dish in eight replicates. After the
four-week incubation period, the frequency of anther induction
and microspore-derived embryo-like structures was calculated
as a percentage of the plated anthers.
After the induction period the microspore-derived structures
of maize were transferred onto N6 regeneration medium (Chu,
1981) supplemented with 40 g/L sucrose and 6 g/L gelrite at pH
5.8. The original synthetic hormone content of the regeneration
medium (1 mg/l KIN plus 0.5 mg/l 1-naphtylacetic acid) was
halved or replaced by adding 1 or 2 g/L cyanobacterial and
microalgal biomass. When the regenerants reached the height of
3–4 cm, they were transferred into glass jars onto a vitamin- and
hormone-free N6 medium. Frequency of regenerants was
calculated as a percentage of the plated anthers. All the data
were pooled means from the eight replicates. The data were
statistically analysed with ANOVA (SPSS for Windows, 10.0).3. Results
3.1. Hormone-like activities and PGR content of MACC
microalgal and cyanobacterial strains
Among the 252 MACC strains screened for their hormone-
like activity, strains MACC 643, 642 and 553 showed the
highest cytokinin-like effect in the excised cucumber cotyledon
expansion bioassay, and MACC 642, 553 and 583 strains
showed the highest auxin-like activity in the excised cucumber
cotyledon root formation bioassay (Tables 1 and 2). The
cyanobacterial strain MACC 643 showed the highest cytokinin-
like activity (equivalent to 0.6 mg/L KIN) and when compared
to the strains investigated, had the highest cytokinin content
(Table 1). On the contrary, the same strain showed a minor
auxin-like activity, but the IAA content was rather high
(Table 2). The cyanobacterial strain MACC 642 showed both
high auxin and cytokinin-like effects. There was a correlation
with high IAA content and biological activity, but no correlation
was observed with the high cytokinin-like effect and low
content. There was a correlation with the hormone-like activity
Table 2
Auxin-like activity, IBA equivalent and the total IAA content of MACC strains
used in anther cultures of maize.
Genus/species (MACC) Auxin-like activity
(in control %)
IBA
equivalent
(mg/L)
Total IAA
content (mg/
2 g)
Anabaena
(MACC 643)
103 ns 0 0.024
Klebsormidium flaccidum
(MACC 553)
132 ** 0.5 0.036
Leptolyngbya
(MACC 642)
137 ** 0.6 0.080
Neochloris
(MACC 583)
131 * 0.3 0.018
**Significant at the Pb0.005, *Pb0.05 level of probability compared to the
rooting of excised cucumber cotyledons induced by distilled water used as the
control; (ns): not significant.
Fig. 1. Influence of donor plant growth conditions on the frequency of anther
induction and embryo-like structures in phytotron and field-grown maize anther
donor genotypes, H1 and H2. Columns with different letters are significantly
different (Pb0.05).
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effect of the microalgal strain MACC 583 correlated with the
IAA content, but there was an anomaly in the low cytokinin-like
activity and high content (Tables 1 and 2).
The contradictory results of the bioassays used in our
experiment may be due to inhibitory compounds that mask the
effect of hormone-like activities or other beneficial bioactive
components synthesized by MACC cyanobacterial and micro-
algal strains.
The prevalent cytokinin forms detected in the biomass of
MACC strains using HPLC-MS analytical method were zeatin
free-bases and zeatin conjugates (Bartók and Jäger, unpublished
results).3.2. Effect of donor plant growth conditions and genotype on
anther culturability of maize
As seen in Fig. 1, the donor plant growth conditions had a
significant effect on anther induction in the genotype H2 and
on the frequency of microspore-derived embryo-like struc-
tures in both genotypes. In the case of donor plants grown
under optimal conditions in phytotron, anther induction was
higher by 26% in H1 as compared to the anther induction of
field-grown donor plants. Under natural climatic conditions
the anther induction of the genotype H2 significantly
decreased by 87%. The frequency of microspore-derived
embryo-like structures decreased significantly by 70% for H1
and 87% for H2. Genotype H2 was more sensitive to natural
climatic conditions. In order not to mask the effect of
cytokinin and auxin producing MACC strains on anther
culturability of maize by disincentive influence of natural
climatic conditions, the anthers of phytotron-grown donor
plants were used in further experiments. For phytotron-grown
plants there was no significant difference between the anther
induction of genotypes H1 and H2 (Fig. 1). Also, the
frequency of microspore-derived embryo-like structures was
lower by 68% at Pb0.05 level of probability in the genotype
H2.3.3. Effect of microalgal and cyanobacterial biomass on anther
culturability of maize
All the microalgal and cyanobacterial treatments enhanced
anther induction of the genotype H1, when compared with the
control, containing 2 mg/L 2,4-D (Table 3), but not all of them
were statistically significant. Treatments 2 g/LMACC 553, 2 g/L
MACC 642 and 1 mg/L 2,4-D+1 g/L MACC 643 significantly
increased the anther response and the frequency of microspore-
derived embryo-like structures, but only the two latter increased
(not significantly) the regeneration. For plant regeneration of
genotype H1 no significant differences were observed (Table 3)
between different combinations of the given microalgal or
cyanobacterial biomasses and 2,4-D (1 mg/L 2,4-D+1 g/L
biomass or 2 g/L biomass).
In the genotype H2, only the 1 mg/L 2,4-D+1 g/L 643
treatment increased significantly the number of responding
anthers and the frequency of embryo-like structures (Table 3).
The number of regenerants was higher than the same parameter
of the control, but the difference was not significant. The other
cyanobacterial and microalgal treatments were no better than
the control. No significant differences were observed between
different combinations of the given microalgal or cyanobacter-
ial biomasses and 2,4-D (1 mg/L 2,4-D+1 g/L biomass or 2 g/L
biomass) except for MACC strain 643. A distinct trend was
observed in all parameters to advantage of the treatments
containing only the biomass of the MACC strains as a hormone-
source (Table 3). When compared the cytokinin- and auxin-like
activity and content of the MACC strains (Tables 1 and 2) with
their effect on anther response of maize genotypes H1 and H2
(Table 3), it appears that the cytokinins produced by the
microalgal and cyanobacterial strains may trigger a positive
effect on anther culturability of maize for H1. For H2, a mixture
of microalgal or cyanobacteria biomass with 2,4-D, appeared to
Table 3
Effect of media supplemented with microalgal and cyanobacterial biomass on the frequency of anther induction, embryo-like structures and regenerants of maize
genotypes H1 and H2, as a percentage of plated anthers.
Treatment Maize genotype
H1 H2
Responding anthers Embryo-like structures Regenerants Responding anthers Embryo-like structures Regenerants
% of plated anthers
Control (2 mg/L 2,4-D) 27 121 14 24 39 1.2
1 g/l MACC 553 + 1 mg/l 2,4-D 30 ns 128 ns 5 ns 16 ns 27 ns 0.8 ns
2 g/l MACC 553 43 * 218 * 13 ns 7 ns 18 ns 0.4 ns
1 g/l MACC 583 + 1 mg/l 2,4-D 46 * 171 ns 22 ns 21 ns 38 ns 0.2 ns
2 g/l MACC 583 38 ns 174 ns 9 ns 8 ns 20 ns 0 nt
1 g/l MACC 642 +
1 mg/l 2,4-D
40 ns 192 ns 17 ns 18 ns 37 ns 1.8 ns
2 g/l MACC 642 53 * 242 ** 20 ns 8 ns 19 ns 0 nt
1 g/l MACC 643 + 1 mg/l 2,4-D 51 * 216 * 24 ns 51 * 100 * 2.4 ns
2 g l−1 MACC 643 48 ns 185 ns 18 ns 13 ns 18 ns 0 nt
**Significantly different from the control at Pb0.005; *Pb0.05 level of probability; (ns): not significant according to the Student's t-test; (nt): not tested.
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regenerated plants. During the experiment, regeneration of
albino plantlets was not observed.4. Discussion
To the best of our knowledge, this is the first report of the
beneficial effect of microalgal and cyanobacterial biomass on
anther cultures of maize (Zea mays L.). All the selected
microalgal and cyanobacterial strains used in the experiment not
only exhibited auxin- and cytokinin-like activities using the
excised cucumber cotyledon bioassays but also gave stable
hormone-like effects in a different system, in anther culture of
maize H1 hybrid. However, in the anther culture of a single-
cross hybrid of a responsive doubled haploid and a non-
responsive elite inbred line, genotype H2, only the treatment
containing 1 g/L biomass of the MACC 643 (Anabaena sp.)
cyanobacterial strain combined with 1 g/L 2,4-D improved
significantly the anther induction and the frequency of
microspore-derived structures, and increased the regeneration
frequency. It may be due to differences in the androgenic
competence of genotypes H1 and H2, caused by the differential
response of their cells to 2,4-D as described previously by
Dolgykh (1994). However, if available, more responsive maize
genotypes will be tested to identify the positive effect of the
MACC 643 strain on anther culturability. Similar differences in
the effect of cyanobacterial and microalgal strains on the
frequency of anther induction and plant regeneration of wheat
cultivars with different responsiveness to anther culture were
observed earlier by Jäger et al. (2005). The positive effect of the
biomass of MACC strains on anther culturability (with or
without a synergic effect of 2,4-D) may be due to their impact
on the shift of endogenous hormone levels of microspores
indispensable to their androgenic fate and embryogenic
development.
In accordance with data reported previously by Petolino and
Genovesi (1994) significant differences in the anther responseand frequency of embryo-like structures were observed between
anther donor plants grown in climatic chambers and in the field.
Bioassays are integral tools when analysing for plant growth
regulators because they are a measure of biological activity
(Ördög et al., 2004), which sometimes may differ from the
hormone content of the sample due to inhibitory compounds
that mask the effect of hormone-like activities or other
beneficial bioactive components synthesized. When compared
the cytokinin- and auxin-like activity and content of the MACC
strains with their effect on anther response of maize genotypes
H1 and H2, it is obvious that mainly cytokinins produced by the
microalgal and cyanobacterial strains may trigger their positive
effect on anther culturability of maize. However, it has to be
noted that as crude extracts of cyanobacterial and microalgal
strains were used in experiments, there might be some other
compounds synthesised, which could influence both anther
induction and plant regeneration.
As the major problems in the use of anther culture including
maize anther culture have been the relatively low response
frequencies and the difficulties associated with plant regener-
ation in all but a few genotypes (Genovesi and Collins, 1982;
Petolino and Jones, 1986), the supplementation of the induction
and regeneration media with the biomass of the cyanobacterial
strain MACC 643 with a universal positive effect on the anther
culturability of different maize and wheat (Jäger et al., 2005)
genotypes may step up the efficiency of anther cultures of
maize, thus enhancing the production of homozygous lines.References
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